Introduction
Identifying sources of fecal contamination at recreational beaches with elevated Escherichia coli (E. coli) concentrations is important for implementing appropriate remedial and control strategies and understanding human health risk of the water's use. Microbial source tracking (MST) is a term used for identifying sources of fecal contamination in the environment. MST techniques are based on the concept that intestinal systems of different warmblooded animals select for specific microbial populations in response to differences in diet and physiology. A widely used MST method is the use of hostassociated MST markers. For this method, a targeted genetic sequence of DNA is amplified by the polymerase chain reaction (PCR) into an amount that can be quantified. Host-associated MST markers have been identified from different groups of fecal bacteria, often from the genus Bacteroides, a bacterium abundant in the gut of warmblooded animals (Layton and others, 2006) . Although the occurrence of host-associated MST markers has been investigated at coastal beaches (Bower and others, 2005; Wong and others, 2009; Edge and others, 2010) , to our knowledge there are no published studies that use these markers to identify sources of fecal contamination at inland recreational beaches. Inland water bodies are popular swimming and boating destinations throughout the United States and, because of differences in size and hydrology, the water quality at inland lakes may be affected differently by contaminant sources than at coastal beaches.
This report describes the results of research by the U.S. Geological Survey (USGS), in cooperation with the Ohio Water Development Authority and the Muskingum Watershed Conservancy District, to begin to understand the sources behind elevated E. coli concentrations at three inland recreational lakes in Ohio. Thirty-two regular samples, four field blanks, and seven replicates were collected and analyzed for concentrations of E. coli, general Bacteroides, and host-associated markers for humans, ruminants, dogs, and gulls. The results are presented in this report. This work is part of a larger monitoring study that was done to determine whether predictive models for E. coli could be used to provide near-real-time assessments of water quality at inland recreational beaches.
Methods

Sampling Sites and Procedures
Samples were collected from five sites at three inland recreational lakes in Ohio ( fig. 1, table 1 ) affected by elevated E. coli concentrations. Buckeye Lake is a shallow manmade reservoir in central Ohio constructed in the early 19th century for the Miami and Erie Canal, which connected the Ohio River with Lake Erie. Two beach sites were included at Buckeye Lake-Crystal and Fairfield. Sources of fecal contamination to Buckeye Lake are largely unidentified and may include birds and other wildlife, runoff from parking lots, and agricultural animals. Atwood Main and Tappan Main are sites at popular swimming beaches on reservoirs located in mixed recreational and agricultural areas in eastern Ohio. Potential sources of fecal contamination at Atwood Main include birds and discharge from a nearby intermittent stream. Potential sources of fecal contamination at Tappan Main include birds and other wildlife, runoff from the parking lot, and a lagoon wastewater treatment system that discharges effluent into a nearby ditch. The ditch drains into Tappan Lake near the beach. A sampling site, Tappan ditch, was included to compare the sources of fecal contamination in the ditch to those at the swimming beach. The potential for human sources from wastewater at Buckeye Lake sites and at Atwood Main are unlikely because the communities around these reservoirs are served by sanitary sewer systems. Data were collected during July-September 2011 by the USGS Columbus office (Buckeye Lake sites) or by the Muskingum Watershed Conservancy District (MWCD, Atwood and Tappan sites). Thirty-two samples for E. coli and MST markers were collected by using standard grab-sampling techniques (Myers and others, 2007) at 2-3 ft water depths, in areas used for swimming. A 1-L or 3-L sterile polypropylene sample bottle was filled with water about 1 ft below the water surface, placed on ice, and transported by car or shipped overnight to the USGS Ohio Water Microbiology Laboratory (OWML) in Columbus, Ohio. In addition to regular sampling for E. coli and MST markers, four field blanks and seven replicates were collected and analyzed. If a MST marker was detected in one replicate and not the other, the result from the positive replicate was used; otherwise, an average of two replicates was used for data analysis.
Samples for E. coli were analyzed within 6 hours of collection at the OWML or MWCD office by use of the Colilert Quanti-Tray/2000 method (IDEXX Laboratories, Inc., Westbrook, Maine) and are reported in most probable number per 100 milliliters (MPN/100 mL). Sample processing and quality-control procedures are described in Myers and others (2007) . Daily data on E. coli concentrations and MST markers were entered into the USGS National Water Information System (NWIS; data available at http://nwis.waterdata.usgs. gov/oh/nwis/qwdata).
Microbial Source Tracking (MST) Marker Analyses
Water samples for MST analyses were filtered onto Nucleopore polycarbonate filters (Whatman/GE Healthcare, Piscataway, N.J.) at the USGS Columbus laboratory within 24 hours of sample collection. Filters were preserved at −70 °C in screw-cap vials with 0.3 g of acid-washed glass beads (Sigma, St. Louis, Mo.) until batch analysis was done after sample collection for the recreational season was completed. Samples were extracted by use of a DNA-EZ extraction kit (GeneRite, North Brunswick, N.J.) according to manufacturer's instructions, except that no prefilter was used and the final elution volume was 200 µL.
At the Columbus laboratory, DNA extracts were analyzed by qPCR for five MST markers: a general Bacteroides marker present in most warmblooded animals-AllBac (Layton and others, 2006) ; a human-associated Bacteroides marker-HF183 (Seurinck and others, 2005) ; a ruminant-associated Bacteroides marker-BoBac (Layton and others, 2006) ; a dog-associated Bacteroides marker-BacCan (Kildare and others, 2007) ; and a gull-associated marker from the species Catellicoccus marimammalium-Gull2 (Sinigalliano and others, 2010) . All qPCR assays were performed as described in the citations, with the exception of the Gull2, in which a double-quenched probe was used. The probe, which was labeled with an internal ZEN Quencher and an Iowa Black Quencher (Integrated DNA Technologies, Coralville, Iowa), was designed to reduce background and increase qPCR signal. Analyses by qPCR were run in duplicate by using 5 µL of DNA extract and 20 µL of master mix in an Applied Biosystems 7500 (Foster City, Calif.) thermal cycler. Depending on the MST assay, either TaqMan Universal PCR Master Mix or SYBR Green PCR Master Mix was used.
Plasmid standards for each MST assay were used to establish standard curves for quantification of MST markers. These were constructed by insertion of PCR-amplified marker sequences into the pCR4 TOPO E. coli plasmid vector (Invitrogen, Carlsbad, Calif.). The plasmid DNA was extracted and purified from E. coli cells by using the QIAPrep Spin Miniprep Kit (Qiagen, Valencia, Calif.). Copy number was calculated from DNA concentration, measured by use of the PicoGreen assay (Invitrogen, Carlsbad, Calif.), and the molecular weight of the plasmid. Sample results were reported as copies per 100 milliliters (copies/100 mL). Standard curve characteristics are included in table 2.
Laboratory quality-control samples included a processing blank (phosphate-buffered water processed with the water samples when filtered), an extraction blank (GeneRite Elution Buffer processed with filtered water samples during each batch of DNA extraction), a no-template control (molecular-grade water included on each qPCR plate), and positive controls (plasmid-based standard curves included in each qPCR run). Matrix inhibition was tested by using matrix spikes, as described in Stoeckel and others (2011) . Table 3 . Quality-control field blank data for Escherichia coli and microbial source tracking (MST) markers, 2011.
[Escherichia coli (E. coli) are reported in most probable number per 100 milliliters (MPN/100 mL); MST markers are reported in copies per 100 milliliters (copies/100 mL); <, less than; -, not done; E, estimated value]
Date
Sampling site E. coli AllBac, General 
HF183, Human
BoBac, Ruminant
BacCan, Dog
Gull2, Gull
Escherichia coli and MST Markers in Lake-Water Samples
Quality-control samples for E. coli and MST markers were collected to aid in data interpretations. In the four field blanks, sample results were below detection for all but one sample (table 3). For HF183 (human), an estimated concentration of 400 copies/100 mL was found in one field blank sample. Seven concurrent replicates for E. coli and MST markers were collected (table 4), and the absolute value log 10 differences (AVLD) were calculated for each replicate pair when at least one replicate included a detection. The ranges of AVLDs for AllBac and Gull2 markers (0.01-0.51 copies/100 mL) were similar to the range of AVLDs for E. coli (0.07-0.61 MPN/100 mL). For HF183, BoBac, and BacCan markers, however, most AVLDs were expressed as greaterthan values because one replicate was below detection. The largest measured AVLD (that was not a less-than value) was 0.87 copies/100 mL for BoBac.
In all, 32 samples were collected for E. coli and MST markers-15 from Buckeye Lake sites (Crystal and Fairfield) and 17 from MWCD sites (Atwood and Tappan) (table 5). E. coli concentrations ranged from 19 to 3,000 MPN/100 mL, and eight samples exceeded the single-sample bathing-water concentration of 235 MPN/100 mL (Ohio Department of Health, 2011). The general marker (AllBac) was detected in all samples, with concentrations ranging from 1,000 to 590,000 copies/100 mL. As found by Pearson's correlation analysis, log concentrations of the general marker were not significantly related to log E. coli concentrations (r = 0.22, p = 0.2319).
Concentrations of host-associated MST markers were placed into three categories: (1) below the detection limit for all markers or lowest blank value for HF183 (not detected), (2) detected, but value was estimated because marker was detected in one replicate and not the other or concentration was below the linear range (estimated quantity), and (3) detected and reported with certainty (measured quantity). Using these categories, the percentages of detections for human, ruminant, dog, and gull markers for Buckeye Lake, Atwood , and Tappan sites are shown in figure 2. The two Buckeye Lake sites (Crystal and Fairfield) and the two Tappan sites (Main and ditch) were combined because sources of fecal contamination and MST results were similar. The human marker was not detected at the two Buckeye Lake sites but was detected at Atwood and Tappan sites in 14 percent and 50 percent of samples, respectively (estimated and measured quantities combined). Detections of the human marker at Tappan may have been from the nearby wastewater treatment plant and at Atwood and Tappan from the swimmers themselves. Using Pearson's correlation analysis on data from the larger monitoring study, the number of swimmers was significantly related to E. coli concentrations at Atwood (r = 0.39, p < 0.0001) and Tappan (r = 0.20, p = 0.0187). The ruminant marker was detected most frequently, in 73, 57, and 60 percent Table 4 . Quality-control concurrent replicate data for Escherichia coli and microbial source tracking (MST) markers, 2011.
[AVLD is absolute value log difference between replicate A and B; Escherichia coli (E. coli) are reported in most probable number per 100 milliliters 10 (MPN/100 mL); MST markers are reported in copies per 100 milliliters (copies/100 mL); <, less than; >, greater than; ND, not determined because there were two values below detection; -, not done] of samples from Buckeye Lake, Atwood, and Tappan, respectively, with some uncertainty in the measurements in all samples. The dog marker was detected in 40, 43, and 30 percent of samples from Buckeye Lake, Atwood, and Tappan, respectively. The gull marker was found in only two samples, both from Tappan Main. Results from the Wilcoxon rank-sum test indicated that the median concentrations of E. coli in samples with detections of markers were not significantly different from samples without detections of human (p = 0.24), ruminant (p = 0.40), and dog (p = 0.15) markers. This test was not done on the gull marker because only two detections were found. In this study, samples were collected and analyzed by use of microbial source tracking techniques to take the first step towards understanding sources of fecal contamination at five sites at three inland recreational lakes. It should be emphasized, however, that microbial source tracking techniques are in an experimental and developmental phase as a field of science specialization. Experts in the field recommend that multiple methods be used to characterize fecal contamination at a site and that source feces from the study area be tested to confirm that source-associated MST markers are present (Sargeant and others, 2011) . Given these limitations, in order to fully characterize sources at the Buckeye Lake sites, more work needs to be done to collect samples under a variety of hydrological and environmental conditions, collect fecal source samples in the watershed, collect afternoon samples when swimmers are present, and apply other source tracking tools to establish multiple lines of evidence.
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